Chromosomal rearrangements (e.g., fusions/fissions) have the potential to drive speciation. However, their accumulation in a population is generally viewed as unlikely, because chromosomal heterozygosity should lead to meiotic problems and aneuploid gametes. Canonical meiosis involves segregation of homologous chromosomes in meiosis I and sister chromatid segregation during meiosis II. In organisms with holocentric chromosomes, which are characterized by kinetic activity distributed along almost the entire chromosome length, this order may be inverted depending on their metaphase I orientation. Here we analyzed the evolutionary role of this intrinsic versatility of holocentric chromosomes, which is not available to monocentric ones, by studying F 1 to F 4 hybrids between two chromosomal races of the Wood White butterfly (Leptidea sinapis), separated by at least 24 chromosomal fusions/fissions. We found that these chromosomal rearrangements resulted in multiple meiotic multivalents, and, contrary to the theoretical prediction, the hybrids displayed relatively high reproductive fitness (42% of that of the control lines) and regular behavior of meiotic chromosomes. In the hybrids, we also discovered inverted meiosis, in which the first and critical stage of chromosome number reduction was replaced by the less risky stage of sister chromatid separation. We hypothesize that the ability to invert the order of the main meiotic events facilitates proper chromosome segregation and hence rescues fertility and viability in chromosomal hybrids, potentially promoting dynamic karyotype evolution and chromosomal speciation. chromosomal evolution | chromosomal rearrangement | hybridization | inverted meiosis | speciation C hromosomal rearrangements, i.e., alterations in the number and structure of chromosomes, attract the attention of biologists and health professionals because they are often triggers in both evolution and pathogenesis. In medicine, they cause many syndromes and heritable diseases (1, 2) , and play important roles in the pathogenesis of human cancers (3, 4) . In evolutionary biology, chromosomal rearrangements are known to facilitate speciation via reducing fertility of chromosomal heterozygotes or/and via suppressed recombination (5, 6) . The rearrangements maintain postzygotic isolation between species by preventing merging through hybridization (7) , are crucial in adaptive evolution by protecting blocks of linked genes from recombination (8, 9) , and may also alter gene expression in ways not possible through point mutations (10) .
Despite their importance, the question how novel chromosomal rearrangements appear, accumulate, go through the stage of heterozygosity, and become fixed in a population is still poorly resolved (11) (12) (13) . Theory predicts that this process may be difficult because chromosomal heterozygosity results in the formation of multivalents in meiosis (instead of normal bivalents). This leads to segregation problems in the first meiotic division and to the production of unbalanced gametes (12, 13) .
Simple theory predicts that even a single heterozygous chromosomal rearrangement, such as reciprocal translocation or chromosomal fusion, should result in 50% reduction of fertility (13) . In the case of heterozygosity for multiple rearrangements, the rate of balanced gametes should decrease strongly and be as low as 1/2 n , where n is the number of heterozygous rearrangements (12) . In reality, the proportion of inviable gametes is often less than this expectation, because it depends on the orientation of multivalents at meiosis (13) , preferential inclusion of inviable nuclei in polar bodies in females (14) , and lower recombination rates in the heterogametic sex (15) . However, in general, fertility decreases with increased chromosomal heterozygosity (13, 16) . Nevertheless, for reasons that are often unknown, organisms can sometimes tolerate heterozygosity for multiple rearrangements (17, 18) , raising questions about additional mechanisms that rescue fertility in chromosomal hybrids.
The butterfly genus Leptidea (family Pieridae) represents an excellent system to study the role of chromosomal rearrangements in speciation, because several species display notable levels of interspecific and intraspecific variability in the number of chromosomes (17, (19) (20) (21) . Much of the recent karyological research on Leptidea has been triggered by the unexpected levels
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Changes in the number and/or structure of chromosomes (i.e., chromosomal rearrangements) have the potential to drive speciation. However, their accumulation in a population is considered both difficult and unpredictable, because the greatly reduced reproductive fitness of chromosomal hybrids prevents fixation of novel karyotypes. Here, we provide evidence for a mechanism that rescues fertility of chromosomal hybrids in species with holocentric chromosomes. We demonstrate that chromosomal heterozygotes of Leptidea Wood White butterflies have a reverse order of main meiotic events in which the first and most critical stage of the chromosome number reduction is replaced by the less risky stage of sister chromatid separation. This may facilitate long-term persistence of chromosomal rearrangements, which is a major prerequisite for chromosomal speciation.
of cryptic diversity found within the most widespread of these species, namely the Wood White Leptidea sinapis. Until the end of the 20th century, L. sinapis was regarded as a single common Eurasian species, but research on male and female genitalia (e.g., refs. 22 and 23) coupled with behavioral (23, 24) and genetic data (25, 26) led to the unexpected discovery of a cryptic species, Leptidea reali. Even more surprisingly, recent molecular, karyological, and behavioral analyses revealed that the pair L. sinapis and L. reali actually consists of a triplet of species, L. sinapis, L. reali and Leptidea juvernica, which represents one of the most striking examples of cryptic diversity in Eurasian butterflies (19, 27) . Previous research (i.e., before the discovery of L. reali and L. juvernica) reported a considerable variability of the haploid chromosome number (n) in L. sinapis (n = 28 to n = 41; see ref. 28) . Given the discovery of L. reali and L. juvernica, the correct interpretation of the previous karyological data required new analyses to establish if the variation reflects intraspecific or interspecific patterns. Recent research has shown that L. reali has the diploid chromosome number (2n) ranging between 2n = 51 to 55 and L. juvernica between 2n = 76 to 91 (19, 20) .
However, the most striking pattern was found in L. sinapis, which displays the widest documented intraspecific variability of the chromosome number known in eukaryotes, excluding cases of polyploidy (17) . Within this species, the diploid chromosome number gradually decreases from 2n = 106, 108 in northeastern Spain to 2n = 56 in eastern Kazakhstan (17) , and to 2n = 57, 58 in southeastern Sweden (this study) (Fig. 1) . This likely happened due to the accumulation of chromosomal fusions/fissions, resulting in a wide cline of relatively recent origin (29) . The direction of the formation of the cline is currently unclear [i.e., if fusions or fissions occurred (17) ]. The intraspecific nature of this extreme level of variability in chromosome number is supported by genetic and morphological data, as well as by mating experiments (17, 27) .
Like other Lepidoptera, L. sinapis has holocentric chromosomes (30, 31) , which are characterized by kinetic activity distributed along almost the entire chromosome length (30, (32) (33) (34) (35) . Species with holocentric chromosomes occur in multiple phyla of animals and plants (30, 35, 36) and, based on the available literature, may represent as much as 20 to 30% of eukaryotic diversity.
Here, we analyzed the intriguing chromosomal system of the Eurasian butterfly L. sinapis coupled with experimental hybridization of two chromosomal races that are separated by at least 24 chromosomal fusions/fissions to (i) demonstrate an extreme case of tolerance to heterozygosity for multiple chromosomal fusions/fissions; (ii) document the inverted order of meiotic events in chromosomal hybrids (Fig. 2) , a highly debated phenomenon, which until recently had only limited support (32) (33) (34) ; and (iii) demonstrate a link between spatial orientation of multivalents in meiosis, inverted meiosis, and viability in holocentric chromosomal hybrids.
Results
Experimental Crosses and Reproductive Fitness in F 1 to F 4 Hybrids.
We crossed (Movie S1) chromosomal races of L. sinapis with low (2n = 57, 58 from southeastern Sweden) and high (2n = 106, 108 from Catalonia, northeastern Spain) chromosome numbers (SI Appendix, Table S1 ) and performed both fitness and chromosomal analyses (Fig. 1) . We maintained hybrid lines for four generations (F 1 to F 4 ), and pure control lines (Sweden and Spain) for two generations (F 1 and F 2 ) ( Fig. 1 and SI Appendix, SI Methods, Fig. S1 , and Table S2 ). There was no evidence of assortative mating in the parental generation [mating proportion, generalized linear model (glm): female population χ (Fig. 3) . Mating propensity was generally high across all pure and hybrid generations (Fig. 3) .
When comparing the first two generations of pure and hybrid lines, we found significant interactive effects (SI Appendix, Table  S3 ) of cross type (pure/hybrid) and offspring generation (F 1 /F 2 ) Fig. 1 . Chromosomal system of the Eurasian butterfly L. sinapis and general experimental plan. L. sinapis displays a wide chromosome number cline ranging from 2n = 106, 108 in Spain (17, 20) to 2n = 56 in Kazakhstan (17, 20) and 2n = 57, 58 in Sweden (data from this study). Laboratory crosses between specimens with high (Spain) and low (Sweden) chromosome numbers (yellow squares on the map) involved four generations of hybrid lines and two generations of pure lines used as controls. The progeny of successful matings were used for fitness and chromosomal analyses.
on larval fitness. Survival, measured as mean egg hatch rate (Fig.  4A) , survival from larva to adult (Fig. 4B) , and from egg to adult (Fig. 4C) , was higher in the F 1 hybrids than in the pure lines, whereas mean survival in the hybrid lines was significantly lower in the F 2 generation than in the control lines (Fig. 4 A-C) . There was no indication that fitness variation was influenced by a small number of sibling matings (SI Appendix, Table S4) or that a particular crossing direction or hybrid line had consistently higher fitness than other lines or crosses, with a potential exception of survival from larva to adult in generation F 1 , where small but significant differences were found among cross directions (SI Appendix, Fig. S2 and Table S5 ). The reduced hybrid fitness in the F 2 generation was maintained in hybrid generations F 3 and F 4 ( Fig. 4 A-C and SI Appendix, Table S6 ). The sex ratio of adults was similar across hybrid generations and pure lines, and distributed close to 1:1 ( Fig. 4D and SI Appendix, Tables  S3 and S6 ). There was no significant difference in female fecundity between pure lines and hybrids, but females of both cross types tended to lay more eggs in the F 1 generation than in any other generation ( Fig. 4E and SI Appendix, Table S3 ). Adult size (dry weight) varied between sexes (Kruskal Wallis ANOVA χ 2 9 = 237.2, P < 0.001), but showed no significant pattern in relation to hybrid status (Fig. 4F) .
Thus, contrary to the theoretical prediction (12, 13) , the hybrids displayed a relatively high reproductive fitness, and their average survival from egg to adult was just below half (42%) of that of the within-population crosses.
Karyotype and Chromosome Behavior in Hybrid Males. The Swedish and Spanish races are differentiated by at least 24 fixed chromosome fusions/fissions ( Fig. 5 A and B) . Despite this, a quite regular chromosome pairing was observed in the first meiotic division of F 1 hybrid males, resulting in numerous multivalents (most likely trivalents). Thus, the total number of observed entities was close to the haploid chromosome number of the Swedish race (n = 28 to 29) (Fig. 5 C and D) . However, variations in the number of chromosomal entities among meiotic metaphase I cells within a single specimen were always observed (from 29 to 33), sometimes with clear univalents indicating an imperfect meiotic pairing ( Fig. 5C and SI Appendix, Table S1 ). In F 2 , F 3 , and F 4 male hybrids, each metaphase I karyotype showed numerous multivalents and bivalents, and, sometimes, several univalents. The total number of entities (multivalents + bivalents + univalents) was very variable (from 29 to 37) (SI Appendix, Table S1 ).
The first meiotic anaphase and telophase in F 1 , F 2 , F 3 , and F 4 male hybrids appeared normal, without any lagging chromosomes (Fig. 5E ). Moreover, morphologically normal bundles of eupyrene sperm were always observed in gonads (Fig. 5F ), indicating that the studied specimens were fertile. These findings demonstrate that the chromosome pairing between highly rearranged chromosomes of Swedish and Spanish populations is apparently normal in F 1 males. Subsequent crosses resulted in highly recombinant but genetically balanced gametes, and fertile offspring (F 2 , F 3 , and F 4 ). These cytological patterns are consistent with the results of fitness analyses.
Inverted Meiosis. Whereas, in normal canonical meiosis, homologous chromosomes are separated during meiotic division I and sister chromatids are separated during meiosis II, we found that, in Leptidea chromosomal hybrids, this order was inverted. Two lines of evidence support the existence of inverted meiosis in our data. One is based on the analysis of asymmetrical 18S rDNA markers in metaphase I and metaphase II cells (Figs. 6 and 7). The other is based on the fact that the same numbers of chromosomal entities were observed at metaphase I and metaphase II ( Table 1) .
Analysis of Inverted Meiosis by FISH with 18S rDNA Probe. We found two types of F 1 males with respect to the distribution and number of the 18S rDNA clusters. The first type is characterized by the presence of three hybridization signals, two large and one small, on three chromosomes in mitosis (Fig. 6A) , resulting in one entity with large double signal, and one entity with small red signal in meiosis (cf. figure 3d in ref. 20) . The identical distribution of rDNA signals in both meiotic metaphases (metaphase I and metaphase II), which we found ( Fig. 6 B and C), is only possible in the case of inverted meiosis, i.e., when sister chromatids segregate in metaphase I and nonsister chromatids segregate in metaphase II (see scheme in Fig. 6E ).
The second type of F 1 male is characterized by the presence of three hybridization signals in mitosis (Fig. 7A ), but only two signals were found in metaphase I, indicating that all three rDNA chromosomes formed a trivalent (Fig. 7B ). This trivalent belonged to the class of middle-sized elements and included one large terminal and one small interstitial signals. A similar pattern was observed in metaphase II (Fig. 7C) . The identical distribution Sister chromatids are separated in the first division (equational division), and homologous chromosomes are separated in the second division (reductional division). Note that application of the concept of inverted meiosis has a limitation: If meiosis is chiasmatic, then, as a consequence of meiotic recombination, the first meiotic division can be reductional at some loci and equational at others (37) (38) (39) . Nevertheless, this concept is completely applicable to (i) monocentric chromosomes for which a classification of the first meiotic division as reductional or equational can be made in terms of division at the centromere since centromere regions are not involved in recombination;
(ii) achiasmatic holocentric chromosomes lacking recombination (39); (iii) structural holocentric heterozygotes, such as trivalents, in which chromosomal fusion/fission serves as a marker allowing distinction between chromosomal homologs and sister chromatids. In this case, there is a possible coherent definition of prereductional and postreductional (inverted) meiosis, depending on whether the first division segregates two and four chromatids (reductional division) or three and three chromatids (equational division), respectively (C and D); (iv) chiasmatic holocentric chromosomes, in which chromosomal homologs (but not sister chromatids) are linked after metaphase I by satellite DNA-enriched chromatin threads (32), allowing distinction between chromosomal homologs and sister chromatids; and (v) holocentric chromosomes with single (sub)terminal chiasma ( Fig. 9 B , ii). The latter type of chromosomes is very common among holocentrics (38, 40, 41) . Loidl (37) described how inverted meiosis may be an acceptable term for this case when nearly entire sister chromatids segregate in anaphase I due to the (sub)terminal chiasma. Note that, for simplification, the spatial structure of bivalents and trivalents is not shown.
of rDNA signals in both the metaphase I and metaphase II complements is only possible in the case of inverted meiosis, i.e., when sister chromatids segregate in metaphase I and nonsister chromatids in metaphase II (see scheme in Fig. 7D ). Furthermore, two signals in the same metaphase II element are only possible if the labeled element consists of two nonsister chromatids (Fig. 7D , Left and Right).
The equal separation of rDNA signals at anaphase I and unequal separation at anaphase II (Fig. 6D ) represent further evidence for inverted meiosis.
Analysis of Inverted Meiosis by Counting Chromosomal Elements in
Metaphase I and Metaphase II Cells. The Swedish (n = 28 to 29) and Spanish (n = 53 to 54) populations represent two extremes of the chromosomal variation in L. sinapis. The F 1 hybrids produced 28 to 30 elements at metaphase I, which means that nearly all of these elements are trivalents. Therefore, we can formulate predictions about how many elements should be observed at metaphase I and at metaphase II in case of prereductional (also known as canonical meiosis) and in case of postreductional (inverted) meiosis. Under a prereductional scenario, we expect that every trivalent will result in 1 + 2 chromosomes (42). Thus, for 28 to 30 elements that segregate randomly, we expect that the number of chromosomes in the secondary spermatocytes will vary from 28 to 54, with an average of n = ca. 40 to 42. Under a postreductional scenario, we expect that each two-sister chromatids trivalent results in a one-sister chromatids trivalent. Thus, we expect that the number of elements in the secondary spermatocytes will be similar to the number in primary spermatocytes, i.e., n = 28 to 30 in metaphase I, and n = 28 to 30 in metaphase II. These predictions are very different and easily discriminated. The analysis of the available data (Table 1) indicates that meiosis in Leptidea F 1 hybrids was indeed inverted, in line with a postreductional scenario. Fig. 3 . Mean time to female mating acceptance (±95% confidence intervals CI) (A) in the parental generation where Spanish females (C) accepted mating faster than Swedish females (S) regardless of male population affiliation (linear model: female population F 1,28 = 17.1, P < 0.001; male population F 1,28 = 0.49, P = 0.49; female × male population F 1,28 = 0.087, P = 0.77) and (B) for all female lines across the four generations of this study, where hybrid line acceptance times are distributed between acceptance times of the pure populations (female line F 10,95 = 2.65, P = 0.0069). In C, the variation in mating propensity is reported for females of different lines (±95% confidence intervals CI), and a weakly significant difference among lines is largely driven by only one out of five CSCS females accepting mating (glm: χ 
Discussion
Negative effects of heterozygosity for chromosomal rearrangements are mostly observed in meiosis when malsegregation in structural hybrids results in aneuploidy, duplications, and deficiencies (13) . Therefore, chromosomal rearrangements usually do not affect survival in F 1 hybrids, but are expected to be detrimental to fitness in subsequent generations. This is in accordance with results of our experiment: Survival was high in F 1 hybrids between chromosomal races of L. sinapis but was significantly lower in the F 2 , F 3 , and F 4 (see also SI Appendix, Text 1 for discussion of the relative effects of spermatogenesis and oogenesis on reduced fitness).
However, the reproductive isolation between the L. sinapis chromosomal races was by no means complete. In fact, hybrid viability was unexpectedly high given the number of chromosomal rearrangements involved and, in F 2 to F 4 generations, the survival from egg to adult plateaued at a rate just below half (42%) of the fitness of the within-population crosses (Fig. 4C) . To understand this phenomenon, we conducted cytological analyses of male meiosis, a crucial stage when chromosomal malsegregation and formation of unbalanced gametes takes place. The Swedish and Spanish races are differentiated by at least 24 fixed chromosome fusions/fissions (Fig. 5 A and B) . Despite this pronounced difference, chromosome pairing was regular in the first meiotic division of F 1 males, resulting in numerous multivalents (most likely trivalents).
In most organisms, the high number of multivalents detected would cause serious meiotic segregation problems, resulting in complete or almost complete sterility (12, 13) (Fig. 8, Left) . What mechanisms could explain how Leptidea butterflies retain substantial fertility in hybrids despite such extreme parental chromosomal differences? In Lepidoptera, females have a special organization of bivalents and multivalents that reduces unbalanced segregation. Female meiosis is achiasmatic, with the parallel position of homologs in the relatively long (not dot-shaped as in males) bivalents and multivalents, and the homologs are maintained together until segregation by a modified synaptonemal complex (43) . This structure results in a parallel orientation of bivalents and multivalents in the equatorial plane during metaphase I and, consequently, in balanced segregation (Fig. 8, Middle) , although shorter chromosomes exhibit a tendency to segregate more randomly (44) . Surprisingly, male hybrids were still partially fertile in our experiments. We propose that this unexpectedly high fertility found in Leptidea chromosomal hybrids is facilitated by inverted meiosis (Fig. 2) , a phenomenon that has been highly debated and, until recently, had very limited support (38, 39, 41, 42) . In normal canonical meiosis (known also as prereductional meiosis), the first division (reductional division) involves the segregation of chromosomal homologs resulting in the reduction of chromosome number, and the second division (equational division) involves the separation of sister chromatids. Inverted meiosis (known also as postreductional meiosis) has an opposite order of these main meiotic events (37, 45) . Currently, inverted meiosis has been demonstrated for some flowering plants (32, 46, 47) , insects (33, 34, 48) , and mites (49) . Until recently, it has been believed that inverted meiosis occurs only in organisms with holokinetic chromosomes (30) , which are characterized by kinetic activity distributed along almost the entire chromosomal length (30, (32) (33) (34) (35) . However, the discovery of inverted meiosis in some chromosome pairs in human female meiosis (50) indicates that this type of meiosis is more widespread than previously thought.
The application of the concept of inverted meiosis has a limitation: If meiosis is chiasmatic, then, as a consequence of meiotic recombination, the first meiotic division can be reductional at some loci and equational at others (37-39) (see Fig. 1 for explanation and justification of the term "inverted meiosis"). Despite these limitations and criticism (37-39), inverted meiosis has become a generally accepted term in recent years (32, 34, 39, 46, 48, 49) .
Interestingly, meiosis can be variable among and within holocentric species. This means that bivalents and multivalents are able to undergo either prereductional or inverted (postreductional) meiosis, depending on their orientation at metaphase I ( Fig. 9) (51, 52) . Lepidopterans (i.e., moths and butterflies) have holocentric chromosomes (43, 44) , and their male meiosis has been reported to be prereductional, based on a few studied species (53, 54) . However, male meiosis was found to be inverted in chromosomal trivalents of the silkworm, Bombyx mori (42), and the butterfly Polyommatus damonides (55), while Murakami and Imai (31) demonstrated that, in B. mori, male meiosis was opportunistic (either prereductional or postreductional) with a tendency to be inverted (postreductional) in structural chromosomal heterozygotes.
The principal features of holocentric meiosis resulting in either prereductional or postreductional scenarios are explained in Fig. 9 using Lepidoptera as an example. In male meiosis of Lepidoptera (as well as in chiasmatic meiosis of other organisms with holokinetic chromosomes; see ref. 41) , there is usually one subterminal or interstitial chiasma per bivalent, resulting in a cross-shaped configuration. (In rare cases, there are two subterminal chiasmata per bivalent, resulting in a ring-shaped configuration; see refs. 56-58.) Whereas, in mitosis, microtubules attach to nearly the whole surface of the chromosomes, in meiosis, the kinetic activity is usually restricted to the chromosomal ends facing the spindle poles (30, (32) (33) (34) (35) . This results in two possible orientations for each of the cross-shaped bivalents (Fig.  9B) : with its long axis parallel to the spindle ("axial orientation" in ref. 40) or perpendicular to the spindle ("equatorial orientation" in ref. 40 ). In the former case, the first meiotic division is reductional for loci on the long segment and equational for loci on the short segment. In the latter case, it is the opposite, and, according to Loidl (37) , this case can be classified as inverted meiosis. In case of a heterozygote for chromosomal fusion/fission, there are two subterminal chiasmata per trivalent, since at least two chiasmata are required to keep the chromosomal elements together (three and more chiasmata are less likely in holokinetic organisms due to spatial restrictions; see ref. 41 ). Therefore, the heterozygosity for chromosomal fusion/fission results in a long chromosomal trivalent with two crosses (Fig. 8, Left, anaphase I) . If this trivalent orients parallel to the spindle fibers (Fig. 9 C-I ) (axial orientation), it will divide reductionally (i.e., chromosome homologs, but not sister chromatids, will segregate) and most likely unequally, resulting in aneuploid products (Fig. 8, Left and Fig. 9 C-I) . However, such orientation seems unlikely in the case of a long trivalent with the kinetic activity restricted to the telomeric regions: The resultant pulling forces of the spindle fibers (see ref. 59 for explanation) will lead to equatorial-like orientation (e.g., see SI Appendix, Fig. S3 and subsequent postreductional inverted meiosis in Fig. 8, Right) .
The latter has fundamental consequences for the behavior and fate of the trivalent. In canonical meiosis, chromosomal heterozygotes are expected to have segregation problems in the first meiotic anaphase, since homologous chromosome pairing is complicated by crossing over. This produces a very intricate multivalent structure and, with a high probability, results in unequal segregation of genetic material (Fig. 8, Left) . In inverted meiosis, these problems are avoided because sister chromatids (but not homologs) segregate in the first anaphase, and the transmission of genetic material to metaphase II cells is thus balanced (Fig. 8, Right) . The resulting metaphase II trivalents have a simpler structure compared with metaphase I trivalents, and their equal balanced segregation at anaphase II is more probable as a consequence of two described mechanisms (33, 38) . First, the secondary pairing of homologs is sometimes possible and can result in the parallel orientation of multivalents in equatorial plane during metaphase II and, consequently, in balanced segregation (32, 33) . Second, the metaphase II trivalents have half of their initial thickness, because every chromosome homolog consists now of only one sister chromatid, not of two as before. These thinner trivalents are more flexible and more capable of becoming U-shaped and cooriented, i.e., to orient a larger homolog toward one pole, while two smaller homologs orient toward the opposite pole (38) . Such a coorientation is a prerequisite of balanced chromosome segregation (38) , and was regularly observed in metaphase II in Leptidea trivalents (SI Appendix, Fig. S4 ). We propose that, through these mechanisms, inverted meiosis may rescue fertility in chromosomal heterozygotes to a certain degree, which provides an explanation for the fertility results we obtained and for the persistence of multiple fusions/fissions in natural populations.
However, the equatorial orientation at metaphase I with the subsequent equational division (inverted meiosis) is not an indispensable condition for proper segregation of a holocentric trivalent. For a specific sex chromosome trivalent in males of a holocentric homopteran species (Cacopsylla mali), the axial orientation at metaphase I followed by reductional division was found to be the best option for balanced segregation (38) (SI Appendix, Text 2). The comparison between L. sinapis and C. mali indicated that sometimes axial orientation is better at meiotic metaphase I and sometimes equatorial alignment is better for subsequent trivalent segregation. Thus, there is a clear flexibility of holocentric organisms in terms of equatorial or axial orientation at metaphase I that suggests an intrinsic versatility of holocentric chromosomes in dealing with chromosomal rearrangements at meiosis. This is not an option available to organisms with monocentric chromosomes.
In Lepidoptera, some clades demonstrate an extremely high rate of chromosomal evolution (11, 60) and a tendency toward chromosomal speciation (7, 61) , and researchers explained these phenomena based on the holocentric organizations of chromosomes in Lepidoptera (62) . In contrast to species with monocentric chromosomes, where acentric fragments are lost during cell division, the breakage of holocentric chromosomes creates fragments with normal kinetic activity. However, we should note that kinetic activity is a necessary but insufficient condition for the survival of the chromosome fragments. To be viable, they should (i) obtain telomeres and (ii) be able to pass successfully through meiosis despite multivalent formation. The first problem is solved through the fast formation of new telomeres via a telomerase-based mechanism (62). Here we show that the second problem could be solved via the inverted order of meiotic divisions. An additional role could also be played by achiasmatic meiosis (present, for example, in females of Lepidoptera), which ensures a balanced segregation in the absence of crossing over (43) . Hence, a combination of holokinetic centromere activity, fast formation of new telomeres at break points, and inverted meiosis causes a rapid karyotype evolution in species with holocentric chromosomes.
In this study, we documented a case in which hybrids between two populations of the butterfly L. sinapis, differentiated by at least 24 chromosomal fusions/fissions, retained a relatively high percentage of fertility. We also demonstrated the inverted order of meiotic events in L. sinapis males, and explained how this particular mechanism could decrease harmful effects of chromosomal rearrangements in chromosomal heterozygotes. We hypothesize that the high level of fertility in chromosomal heterozygotes made possible the gradual accumulation of chromosomal rearrangements observed in the chromosomal cline of L. sinapis (17) . Thus, the studied system seems to represent a narrow time window of the very first steps of speciation driven by chromosomal change, as well as of clinal speciation-a process in which the ordered accumulation of differences along a geographic gradient results in partially reproductively isolated extremes (63) , such as we found in the populations from Sweden and Spain.
Methods
Methodological aspects are described in more detail in SI Appendix, SI Methods.
Experimental Design. Two main laboratory lines were established based on wild-caught individuals. One was representative for L. sinapis populations with high chromosome number (2n = 106, 108) (17) and included specimens originating from northeastern Spain (Montseny area, Barcelona province, Catalonia). The other laboratory line was representative for L. sinapis populations with low chromosome number (2n = 57, 58) (this study) (SI Appendix, Table S1 ) and included specimens originating from south central Sweden (two field sites in the vicinity of Stockholm) (Fig. 1) . Pure Spanish and Swedish laboratory lines were maintained and used as controls with respect to crossed lines between male Spanish and female Swedish and female Spanish and male Swedish L. sinapis. All possible mating combinations between Spanish and Swedish L. sinapis were performed until F 2 . The offspring of these pairs were bred to adults and used for further experiments ( Fig. 1 and SI Appendix, Fig. S1 and Table S2 ). For generations F 3 and F 4 , a subset of the potential hybrid mating combinations were performed, and the pure lines were stopped.
A number of (larval and adult) offspring from each mating combination were killed for karyological studies (SI Appendix, Table S1 ).
Statistical Analyses. For a full description of statistical procedures, see SI Appendix, SI Methods. In brief, female mating propensity (yes/no) was tested in a set of generalized linear models (binomial distribution), with logit as link function. The models tested effects of male and female origin (Spain or Sweden) in the first cross, and, in later generations, compared individual cross types. The female time to mating acceptance (log transformed) was tested in a similar scheme using linear models (ANOVA II) (Fig. 3) .
The survival analysis included three separate response variables: survival from egg to larva; survival from larva to adult; and the combined, total survival from egg to adult. We analyzed these survival rates, as well as the resulting sex ratio, using the survival rate/male rate (arcsine square root transformed) of each maternal family as the statistical unit. Because data on pure lines were available only for generation F 1 and F 2 , whereas data on hybrid fitness were available also for generation F 3 and F 4 , we first included data only from generation F 1 and F 2 in the models and tested the effect of cross type (pure/hybrid), generation (F 1 /F 2 ), and their interaction on survival rates, sex ratio, and female fecundity (log number of eggs). Then we compared the same response variables only among the four hybrid generations (F 1 to F 4 ). Additional survival and sex ratio analyses using a generalized linear mixed-model approach (SI Appendix, SI Methods) generated qualitatively very similar results (SI Appendix, Tables S5 and S6) .
Finally, we compared adult dry weights among generations (F 1 to F 3 ), sexes, and crosses (a total of 10 groups) using a nonparametric Kruskal Wallis ANOVA.
Chromosomal Analysis. Only fresh adult males were used to analyze meiosis and to study meiotic karyotype. Testes were excised and placed into vials with freshly prepared Carnoy fixative (ethanol and glacial acetic acid, 3:1). Gonads were stored in fixative for 2 mo to 6 mo at 4°C and then stained with 2% acetic orcein for 30 d at 20°C. Cytogenetic analysis was conducted using a two-phase method as previously described (SI Appendix, SI Methods).
FISH with 18S rDNA Probe. Testes of F 1 hybrids were dissected and placed into freshly prepared Carnoy fixative (ethanol: and glacial acetic acid, 3:1) overnight. Then the testes were squashed on slides using the two-phase method as stated in Chromosomal Analysis, the coverslips were flicked off with a razor blade, and the slides were passed through a graded ethanol series (70%, 80%, and 100%, 1 min each). Unlabeled 18S rDNA probe was generated by PCR from Cydia pomonella (Tortricidae) genomic DNA and labeled with biotin-16-dUTP as described in SI Appendix, Fish with 18S rDNA Probe. FISH with the probe was carried out using a routine protocol. Only one large chromosome (L) corresponding to two small chromosomes (S1 and S2) is shown. Homologs (L, S1, and S2) are shown with different colors. Sister chromatids are shown with the same color. The scheme applies to holokinetic chromosomes, which lack a localized centromere. Arrows schematically represent microtubules that attach to the chromosomes and pull them to opposite poles. Canonical and inverted meiosis concerns males; achiasmatic meiosis is typical for lepidopteran females. In achiasmatic meiosis, the balanced segregation is ensured by the modified synaptonemal complex that maintains homologs in a parallel arrangement until metaphase I.
